ABSTRACT: Thermal processing often results in disruption of the native conformation of whey proteins, thus affecting functional properties. The aim of this work was to evaluate the effects of moderate electric fields on denaturation kinetics and thermodynamic properties of whey protein dispersions at temperatures ranging from 75 to 90°C. Application of electric fields led to a lower denaturation of whey proteins, kinetically traduced by lower values of reaction order (n) and rate constant (k) (p < 0.05), when compared to those from conventional heating under equivalent heating rates and holding times. Furthermore, the application of electric fields combined with short come-up times has reduced considerably the denaturation of proteins during early stages of heating (>30% of native soluble protein than conventional heating) and has determined also considerable changes in calculated thermodynamic properties (such as E a , ΔH q , ΔS q ). In general, denaturation reactions during moderate electric fields processing were less dependent on temperature increase.
' INTRODUCTION
Heat denaturation of major globular whey proteins, such as β-lactoglobulin (β-LG), α-lactalbumin (α-LAC), and serum albumin, is undoubtedly of particular importance once it changes the nutritional, functional, and technological properties of its derived products, such as whey protein isolate (WPI) and whey protein concentrate (WPC). Whey protein denaturation can produce a number of undesired effects such as formation of deposits on heat exchangers, 1,2 milk instability or gelling during the production of concentrated milks, 3 and age-thickening of concentrated milks 4 and can lead to increased rennet clotting time and low gel strength, which are unfavorable in the manufacture of cheese. 5 Therefore, the behavior of whey proteins during heating is essential for the control of their properties and characteristics during the recovery and application of whey-derived products. 6 β-LG constitutes >50% of total whey protein in bovine milk and is mainly responsible for the gelation and emulsification properties of its derivatives. This globular protein consists of 162 amino acids, including 5 cysteine (Cys) and 2 tryptophan residues. 7 Under physiological conditions β-LG exists as a noncovalently linked dimer stabilized by hydrogen bonds. 8 Each monomer of this globular protein has one free sulfhydryl group (Cys121), which is normally hidden in the hydrophobic interior of the protein. The tertiary structure of β-LG is strongly stabilized by two disulfide bonds (Cys66ÀCys160 and Cys106ÀCys119), which seem to play important roles in denaturation. 9, 10 Denaturation of whey proteins is generally assumed to be a multistage process consisting of at least two steps: 11, 12 (1) unfolding of the native protein and (2) irreversible aggregation of unfolded protein molecules. In particular, the initial steps of the heat-induced denaturation mechanism of β-LG at neutral pH involve the reversible dissociation of β-LG native dimers into native monomers at a temperature above 40°C. At a temperature close to 60°C, the native monomers undergo an intramolecular transition into a so-called R-state, which differs from the native state only by minor conformational changes of some side chains. When the temperature of the protein solution increases above 60°C, the β-LG molecule undergoes conformational changes and partially unfolds, exposing hydrophobic amino acids and the free sulfhydryl group that are normally buried at the interface between monomers in the native protein. 13 At this point, the reshuffling of intramolecular disulfide bonds may be responsible for the formation of irreversible non-native monomers with free sulfhydryl at position Cys119. 10, 14 Through noncovalent interactions (ionic, van der Waals, hydrophobic) and sulfhydryl/ disulfide bond exchange reactions, enabled by reactive free sulfhydryl groups (Cys121), non-native molecules of β-LG take part in the irreversible intermolecular interactions that result in the formation of aggregates. 13, 15, 16 The occurrence and extent of these reactions can be controlled by the chemical environment (pH, ionic strength, fat, lactose and protein concentrations), but are extremely dependent both on heating method (direct and indirect) and heating conditions, such as temperature, heating rate, and treatment time. 17À20 In this regard, the kinetics and thermodynamic parameters of the thermal denaturation of whey proteins have been studied by several authors, allowing a quantitative relationship to be established between denaturation of whey protein fractions and heat treatments applied. 5, 13, 18 In most of the previous studies, the influence of thermal processing on the denaturation kinetics of major whey proteins Journal of Agricultural and Food Chemistry ARTICLE has been evaluated through the use of indirect heating in water/ oil baths and laboratory-scale plate heat exchangers or by direct steam injection systems. The moderate electric fields applied during ohmic heating (OH) are now receiving increased attention due to uniform heating of liquids and extremely rapid heating rates, which presumably enables higher temperatures to be applied without inducing coagulation or excessive denaturation of the constituent proteins. 21 OH is one of the earliest applications of electricity in food pasteurization and is distinguished from other electrical heating methods by (a) the presence of electrodes contacting the foods, (b) electrical treatment of low frequency when compared to microwave and radio frequency, (c) the application of unrestricted frequency, in opposition to the specially assigned radio or microwave frequency range; and (d) unrestricted waveform, although typically sinusoidal. During OH treatment, electric currents are passed through food a product, which behaves as a resistor in an electrical circuit, allowing generation of internal heat in agreement with Joule's law. 22 Given its volumetric heating and absence of hot surfaces, OH technology offers the potential to overcome the limitations of slower heat transfer based on thermal conduction and, consequently, the problems associated with overheating. However, no studies are available about the influence that the application of electric fields may have on the denaturation kinetics and thermodynamic properties of whey proteins. Therefore, the objectives of this study were to (1) determine the levels of denaturation of whey protein dispersions over a wide range of temperatures, using OH technology; (2) compare ohmic denaturation with that obtained using a conventional heating method, under identical temperature history conditions; (3) explore the effects of fast OH come-up times (CUT) on the thermal denaturation of whey proteins; and (4) estimate the kinetic and thermodynamic parameters for the thermal denaturation of whey protein dispersions under all heating treatments applied.
' MATERIAL AND METHODS Whey Protein Dispersions. WPI powder (Lacprodan DI-9212) was kindly supplied by Arla Foods Ingredients (Viby, Denmark). WPI was essentially free of lactose (maximum 0.5%) and fat (maximum 0.2%), contained a moisture content of 6% (maximum), and had β-LG content of approximately 87%, in a total protein content of 91% (of dry weight). We prepared aqueous solutions of WPI (3% w/w, protein) by dispersing WPI powder in a 0.05 M phosphate buffer of disodium hydrogen phosphate and sodium dihydrogen phosphate (Riedel de Haen, Germany) buffered to pH 6.0. WPI solution was then stirred continuously overnight at 5°C to ensure full rehydration, and the pH was adjusted to 6.8 with 1 M NaOH (Merck, Darmstadt, Germany). Moreover, the conditions chosen, in terms of protein concentration and ionic strength, allowed an optimal starting electrical conductivity of the WPI solutions (Table S1 of the Supporting Information) for the OH effect to take place. WPI is used more often than isolated proteins due to cost and availability, and despite WPC being a more widespread ingredient than WPI, the study of heat-induced changes of WPC would be hindered by the presence of fat and other components.
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Heating Units. Conventional Heating (COV). Experiments were performed in a double-walled water-jacketed reactor vessel (3 mm internal diameter and 100 mm height). Treatment temperature was controlled by circulating water from a temperature-controlled water bath. A magnetic stirrer was introduced inside the reactor vessel to homogenize the solution and improve heat transfer during the heating cycle. Temperature evolution was measured with a type-K thermocouple (Omega 709), placed at the geometric center of the sample volume and connected to a data logger (National Instruments, USB-9161) working with Lab View 7 Express software (National Instruments, NI Data logger).
Ohmic Heating (OH). Treatments were performed in a cylindrical glass tube of 30 cm total length and an inner diameter of 2.3 cm, with two stainless steel electrodes isolated at each edge with Teflon caps (Figure 1 ). For the experiments, a gap between the electrodes of 10 cm (the treatment chamber) was used, and the supplied voltage ranged from 20 to 220 V. The supplied voltage and, consequently, temperature were controlled through the use of a rheostat (Chuan Hsin, Taiwan) connected to the monophasic alternate current supply system (231 V, 50 Hz). During the experiments, the nominal electric field was varied through the rheostat to adjust the supplied voltage and simulate the thermal history of samples observed during conventional heating experiments ( Figure 2 ). During the heating phase and holding treatment the nominal electrical field applied varied from 15 to 22 V cm À1 and from 4 to 8 V cm À1 , respectively. A close coincidence of the temperature profiles during both conventional and ohmic treatments is always a necessary condition to evaluate the nonthermal effects of ohmic heating. Temperature measurement was performed as previously described for conventional heating. A data logger was employed to record continuously and simultaneously voltage and current intensity across the samples during heating.
Heat Treatments. WPI dispersions were heated through COV and OH at temperatures ranging from 75 to 90°C, for various time periods (approximately 30 to 5 min). After a heating CUT period (to raise the temperature from 60°C), the treatment temperature was held constant (holding) for the desired time. Given the potential that OH has in achieving very quickly the required treatment temperatures, the influence of fast CUTs on the denaturation levels of whey protein dispersions was also evaluated. Three different CUTs were used during the experiments: 100 s (COV and OH1 treatments); 37 s (OH2 treatment); and 5 s (OH3 treatment). During the holding phase, unheated (control) and heated samples (1 mL) were removed at appropriate time intervals and cooled immediately in ice water at 4°C for 5 min.
Denaturation of Whey Proteins. Whey protein denaturation was followed by means of soluble tryptophan (Trp) fluorescence value (F Trp ) at excitation/emission of 290/340 nm on the pH 4.6-soluble supernatant. This method is considered to be sensitive and a very rapid approach to measure the protein concentration in supernatant containing nondenatured whey proteins.
24 Samples (1 mL) from heated (conventionally and ohmically) and unheated (control) solutions were acidified to pH 4.6 to precipitate denatured whey proteins, by the addition of 1.0 mL of a 1:1 mixture of 0.83 M acetic acid and 0.2 M sodium acetate. The mixture was vigorously shaken and left for 5 min at room temperature. The solutions were centrifuged at 15558g for 5 min in a Mikro 120 microfuge centrifuge (Hettich, Germany). Once the fluorescence intensity of the protein solution is proportional to the fluorophore concentration in the solution, 25 the fluorescence intensity was directly proportional to WPI protein concentration in the range from 0 to 0.06%. Therefore, each supernatant from WPI solution sample was diluted with distilled water before the fluorescence intensity measurements to avoid light scattering effects. 24 The soluble protein concentration was calculated from a calibration curve based on the fluorescence emission of standard β-LG. Fluorescence spectra of Trp of the diluted supernatant were measured on a fluorescence spectrophotometer (Hitachi, F-4500, Tokyo, Japan) with excitation and emission monochromators at 290 and 340 nm, respectively. Results were expressed as percentage of residual native protein (P n ) according to eq S1 of the Supporting Information.
Kinetic Analysis. Kinetic Parameters. Kinetics of whey protein denaturation was carried out by nonlinear regression (NLR) using the software R package. 26 The denaturation process of WPI solutions can be described by the general rate equation (eq 1)
where (dc/dt) represents the rate of protein denaturation, k the rate constant, C the protein concentration, and n the denaturation reaction order. For reactions of order n 6 ¼ 0, eq 1 has as a general solution (eq 2)
where t is time (s), C 0 the initial protein, and C t the concentration (g/L) of native protein at each holding time. In eq 2 the product k n C 0 nÀ1 gives an apparent rate constant k with units of s À1 , which is the basis of comparison between different kinetic models, circumventing the fact that k n has different units for different reaction orders. 13 The concentration and time data were fitted directly into eq 2, and C 0 , n, and k were determined simultaneously by NLR. 5, 20 The quality of the overall fit of the model to experimental data is given by r 2 . For the experimentally obtained kinetic parameters to be valid over a wide temperature range, degrees of denaturation up to >90% have to be achieved. 18 D and half-time (t 1/2 ) values, which correspond to the time required for 90 and 50% protein denaturation, respectively, were derived from eq 2. The z values, defined as the increase in temperature needed to reduce the D value by 90%, were calculated by regression analysis, as the reciprocal of the slope of the line obtained by plotting the logarithm of D values as a function of temperature.
Thermodynamic Parameters. The apparent rate constant k, calculated from NLR, was related to the temperature of treatment according to the Arrhenius equation (eq S2 of the Supporting Information). When the logarithm of the rate constant was plotted against the reciprocal of the absolute temperature (according to eq S3 of the Supporting Information), the values of E a and ln k 0 were obtained from the slope and from the ordinate intercept, respectively. To study further the unusual effects of temperature on the denaturation reaction 18 and in accordance with the activated complex theory, the Eyring equation and its relationships (eqs S4ÀS6 of the Supporting Information) were used. 27 Thus, the changes in enthalpy of activation (ΔH q ), entropy of activation (ΔS q ), and free energy of activation (ΔG q ) were calculated for all temperatures.
Statistical Analysis. All statistical analyses involving experimental data were performed using R software version 2.10.1.
26 Statistical significance was determined by Student's t test, and the kinetic models were determined by nonlinear regression.
' RESULTS Denaturation of Whey Proteins. The extent of whey protein denaturation, on the basis of loss of solubility at pH 4.6, was determined by F Trp . For each heating treatment, the F Trp value of the acidic (pH 4.6) protein solutions was monitored as a function of heating time. Due to the very low concentration of lactose (<0.5%) and range of temperatures used (75À90°C), the F Trp value was strictly correlated to the protein concentration during thermal denaturation. 28 Changes in percentage of native whey proteins as a function of heating treatment, as well as the influence of Figure 2 . Example of similar thermal histories at 90°C, for conventional (COV) and ohmic heating (OH) treatments, using different come-up times to raise the temperature from 60 to 90°C: 100 s (COV and OH1 treatments); 37 s (OH2 treatment); and 5 s (OH3 treatment). different CUT combinations on the denaturation of whey protein solutions during OH are shown in Figure 3 . As expected, the concentration of native whey proteins decreased with an increase in heating time and temperature, the final degrees of denaturation being all >90% for all heating treatments applied. For equivalent heating times, the susceptibility of whey proteins to denaturation was higher under COV than under OH (p < 0.05), particularly during the early stages of heating for treatments at temperatures >75°C. For example, during the first 2 min of heating, OH treatments with fast CUT (OH2 and OH3) presented ca. 15À30% more native soluble protein than COV. Furthermore, the OH treatments that were equivalent to COV (i.e., performed under similar thermal histories) presented also 5À10% more native soluble protein when compared with COV treatments (Figure 4) .
Kinetic Analysis. The native whey protein concentration versus time data obtained at each temperature were used to determine the kinetics of whey protein denaturation. The kinetic parameters derived from NLR analysis (eq 2) are shown in Table 1 . In all plots, the kinetic parameters obtained by NLR analysis were highly significant (p < 0.001), and their fit to the experimental data was satisfactory once all r 2 values were >0.98.
The order (n) of denaturation reactions obtained in this wok ranged from 1 to 2.2. Several authors have already shown that in the lower temperature region (<95°C), the denaturation of β-LG can follow first-or second-order kinetics, presenting average reaction orders between 1.4 and 1.5. 17, 18, 20 The k values obtained in this work ranged from 1.8 to 106 s À1 Â 10 3 in the temperature interval of 75À90°C. These results are well comparable with published literature for the denaturation of β-LG, 17 where k values varied between from 0.36 and 39.63 s À1 Â 10 3 in the temperature range of 70À85°C. Heating at 75°C did not promote significant differences (p > 0.05) on kinetic parameters for the denaturation of whey protein. Otherwise, at temperatures >75°C, OH treatments presented in general lower values of n and k (p < 0.05) when compared to those from COV. This difference was much more pronounced for OH2 and OH3 treatments, when CUTs used at the beginning of the heating cycle (37 and 5 s) were shorter than the one for COV and OH1 treatments (100 s). For treatments at 85 and 90°C, the k values of OH2 and OH3 were significantly lower (p < 0.05) than those obtained for COV and OH1 treatments.
Kinetic parameters obtained from NLR analysis were used to determine D and t 1/2 values, which are the times needed for Journal of Agricultural and Food Chemistry ARTICLE 90 and 50% of denaturation, respectively, at constant temperature ( Table 1) . As expected, D and t 1/2 values decreased with the increase of heating temperature. At temperatures of 75, 80, and 85°C no significant differences (p > 0.05) were found in D values between the several treatments. However, at 90°C, the treatments OH2 and OH3 presented higher D values (p < 0.05) than the ones from COV heating. With regard to t 1/2 , at temperatures of 75°C all treatments presented nearly the same value (p > 0.05), whereas at temperatures ranging from 80 to 90°C, significant differences were noted (p < 0.05) among the treatments. Particularly, at temperatures of 80 and 85°C, OH1 treatment presented higher t 1/2 values than the ones obtained for COV.
Furthermore, at temperatures of 80, 85, and 90°C treatment OH3 presented always the highest t 1/2 value (p < 0.05) when compared with COV and OH1 treatments. The logarithm of D value as a function of temperature showed a linear relationship in the range of temperatures studied (75À90°C) and allowed the calculation of z values for each treatment, which were found to be between approximately 13 and 18°C (Table 2) . These values are consistent with those published for β-LG heated in complex media such as raw milk. 29 OH treatments, in particular OH2 and OH3, showed a tendency to increase the z value but without any statistical evidence (p > 0.05). Journal of Agricultural and Food Chemistry ARTICLE Thermodynamic Analysis. For each heating treatment, the linearity observed when the logarithm of the rate constant was plotted against the reciprocal of the absolute temperature allowed the calculation of E a (Table 3) . For COV and OH1, the calculated E a values were similar (p > 0.05), varying from 220 to 260 kJ mol À1 . These results can be compared with those reported for β-LG for temperatures between 70 and 90°C, 5, 17, 18 where E a values ranging from 260 to 290 kJ mol À1 were found. However, the E a values for OH2 and OH3 were slightly lower than the ones reported previously. In fact, E a values obtained for OH3 treatment (140À170 kJ mol À1 ) differed considerably (p < 0.05) from the ones obtained through OH1 and COV.
The values of changes in enthalpy (ΔH q ), entropy (ΔS q ), and free energy of activation (ΔG q ) of the activated complex for WPI are compared in Table 4 . In accordance with transition state theory, the minimum energy necessary to allow the denaturation reaction to occur (equivalent to E a ) was obtained through the calculation of ΔH q using the Eyring equation and its relationships (eqs S4ÀS6 of the Supporting Information). The mean ΔH q values followed the same tendencies observed for E a values and were similar (p > 0.05) for COV and OH1. These values can be compared with those reported previously for heat-induced protein denaturation reactions of β-LG (260À290 kJ mol À1 ), at temperatures below 90°C. 17 However, ΔH q values for OH3 treatments were considerably lower than those for COV and OH1 treatments (p < 0.05).
The values of ΔS q were always positive, and significant differences were found among all of the treatments for each temperature (p < 0.05 
' DISCUSSION
The present study clearly shows that OH potentially reduces denaturation of whey proteins during heating. In general, under identical thermal treatments, the rate of loss of native whey proteins was lower when the effect of electric field application was present. This was kinetically translated by lower k and n values for OH. During OH, heat is generated directly within the food sample (volumetric heating) and hence the problems associated with heat transfer surfaces are eliminated. 32 It is also known that OH becomes more effective at higher temperatures, because electrical conductivity increases with the increase of temperature. Therefore, the absence of hot surfaces and less overheating may have contributed to lower rates of whey protein denaturation observed for OH, particularly at higher temperatures (>75°C). This effect was particularly evident at the early stages of heating and supported by the low values of half-denaturation times (t 1/2 ) obtained when OH was applied. In contrast, for longer holding times, no significant differences were observed between ohmic and conventional protein denaturation. This was supported by identical D values obtained for both treatments, for all heating temperatures ranging from 75 to 85°C. An understanding of the thermal denaturation kinetics of whey proteins may provide Journal of Agricultural and Food Chemistry ARTICLE valuable information on the initial steps of aggregation reactions, once denatured proteins are more susceptible to aggregation 33 when high temperatures and long holding times are applied ( Figure S1 of the Supporting Information). Therefore, results obtained in this study show that the lower levels of whey protein aggregation observed recently during OH experiments may have been a consequence of the lower whey protein denaturation rates occurring during the early stages of heating. 34 Until the present moment, there is still no consistent information concerning nonthermal effects of OH on the denaturation of food proteins; the existence of nonthermal effects of OH has been mainly addressed in terms of microbial inactivation. 35 Some evidence exists that the low frequency (50À60 Hz) of the ohmic treatments allows cell walls/membranes to build up charges that possibly interfere with their structure and functionality. 36 The results presented here suggest that the effect of electricity on denaturation of whey proteins was not significant compared to that of heat. For example, the presence of moderate electric fields did not enhance denaturation (D values) or change z values during heating. Extrinsic factors such as pH, temperature, and ionic environment may affect molecular flexibility or stability and, consequently, proteinÀprotein interactions. 8, 37 It is possible that the different associations between β-LG and other whey proteins during heating may have influenced the rate of denaturation, thus affecting the rate constants. 20 Therefore, a larger body of research is still needed to evaluate if electric fields of low frequency can also dictate conformational disturbances on tertiary protein structure or distinctive interactions and associations between denatured proteins, for example.
In general, the kinetic (n and k) and thermodynamic parameters (E a , ΔH q , ΔS q , and ΔG q ) calculated for OH1 and COV1 treatments were in good agreement with those reported in the literature for the denaturation of β-LG. This result was somehow expected, as β-LG is the most abundant protein in whey and dominates the technofunctional properties of WPI, 38 which was used in this study to prepare the whey protein dispersions. The small discrepancies found between the calculated and reported kinetic/thermodynamic parameters may have been in part caused by the use of different model solutions to be heated, different protein sources, different heating methods, and/or analytical techniques. 5, 13 Denaturation of whey proteins is a very complex process, in which changes in the conformation of protein molecules (unfolding) are followed by irreversible aggregation reactions. Protein unfolding and aggregation are expected to have significantly different values for kinetic and thermodynamic parameters, which may allow a prediction of which of these two events is rate-determining in the reaction mechanism. 17, 18 A denaturation process in which the tertiary structure of the protein is disrupted to originate randomly coiled molecules involves the rupture of a large number of low-energy intramolecular bonds. This major conformational change in the protein is expressed in terms of high values for E a or ΔH q and a positive ΔS q , which reflects a gain in translational and rotational entropy and, consequently, a lower state of order in the molecule. In contrast, lower E a or ΔH q and negative ΔS q values are expected for an aggregation process in which a few intermolecular bonds are formed and the state of order of the molecules is increased. 17, 18, 39 The thermodynamic parameters obtained in this study for COV and OH1 treatments were typical of a reaction mechanism with protein unfolding as the rate-determining process over aggregation reactions, that is, high E a and ΔH q along with a positive ΔS q . These results corroborate the expected behavior in terms of aggregation and denaturation of the low protein bulk concentration solutions (3% w/w) used in the experiments.
Ohmic processing has enabled the heating of whey protein solutions at rapid rates through OH2 and OH3 treatments. The effect of fast CUT during OH on the β-LG denaturation begins to be noticeable at temperatures >80°C, when a change in CUT from 100 to 5 s decreases considerably the denaturation of whey proteins for equivalent holding times. It has already been reported that the use of fast CUTs during the heating phase in a continuous plate heat-exchanger potentially reduces the denaturation of proteins and enzymes, whereas these biochemical indicators are less affected by differences in the holding times. 40 During OH the required temperature for HTST processes can be achieved instantaneously or at least more rapidly than with indirect heating. The use of fast CUT during OH may change molecular events occurring with denaturation of β-LG upon heating at temperatures up 60°C. For example, when heat treatments of 85 or 90°C were applied, the time that WPI solutions were exposed at the maximum rate of thermal β-LG denaturation, which occurs at temperatures near 75°C, 41 was shorter when OH was applied. Therefore, instantaneous heating combined with the absence of hot surfaces and less overheating during holding times determined not only less denaturation but also marked differences in kinetic and thermodynamic parameters obtained for denaturation reactions during OH. For example, at temperatures of 90°C, fast CUTs have determined a considerable increase of D values. Moreover, the values found for E a , ΔH q , and ΔS q when fast CUT times were used were not typical for whey protein denaturation. The unusual and weak temperature dependence observed for OH3 treatments is possibly a consequence of less or only partial protein denaturation, once ΔS q presented a positive value indicating that the unfolding of molecules was the rate-determining step of protein denaturation over irreversible aggregation. Therefore, the low values of E a and ΔS q found for OH3 treatments possibly reflect less rupture of intramolecular bonds and, consequently, small changes of protein conformation during denaturation reactions.
The stability of native protein conformation upon the several treatments was also assessed by ΔG q , which represents the energy difference between the transition state (or activated complex) of a stepwise reaction and the ground state of the reactants. Heatinduced denaturation of β-LG at temperatures >60°C can be simply characterized by a three-state model that involves (1) native molecules of β-LG; (2) formation of molten globules, which are considered to be intermediates in globular protein folding and unfolding; and (3) irreversibly denatured (aggregated or polymerized) molecules. 15 The molten globule state is formed as a kinetic intermediate for reversible denaturation, in equilibrium under certain mild denaturing conditions. 42 The occurrence of a molten globule as an intermediate state during thermal denaturation of β-LG has been previously reported by several authors. 16, 43, 44 Therefore, ΔG q allowed the calculation of the amount of energy needed to reach the thermally induced molten globule state that precedes protein aggregation and, consequently, irreversibility of denaturation reactions. Interestingly, above 75°C higher values of ΔG q were determined for OH than for COV treatments. Furthermore, ΔG q increased with the decrease of the CUT applied, particularly at high temperatures, between 85 and 90°C. Thus, more free energy of activation was needed to induce critical changes on protein conformation during OH, particularly for treatments when fast CUTs were applied. In support of these results, it has been shown recently that OH seems to induce less Journal of Agricultural and Food Chemistry ARTICLE formation of free reactive sulfhydryl groups when compared with COV heat treatments performed under identical thermal histories. 34 It is known that the critical changes in β-LG conformation and formation of reactive intermediates involve exposure at the protein surface of both the interior hydrophobic residues and the free sulfhydryl group (Cys121) that becomes available for intermolecular interactions. 42, 45, 46 In general, OH has resulted in a lower entropy gain against enthalpy upon denaturation reactions, which has consequently resulted in higher values of ΔG q , when compared with the ones from COV treatments. In fact, heat denaturation of whey proteins during OH treatments exhibited a marked thermodynamic compensation effect, 47, 48 once the decrease of ΔH q , observed for OH2 and OH3 where fast CUTs were applied, was followed by a linear decrease of ΔS q . Overall, the nutritional, functional, and technological properties of milk whey proteins are changed by thermal treatments. A kinetic and thermodynamic study of protein denaturation was needed to evaluate the influence that heat treatments may exert on the final quality of commercial milk, milk-based products (such as cheese and yogurt), and whey-derived products (whey protein concentrates and isolates). As a conclusion, we have demonstrated in this work that moderate electric field processing offers the potential to reduce whey protein denaturation at relatively high temperatures during the early stages of heating. Our results suggest that the use of OH will clearly improve the final quality of products once the thermal treatment is less aggressive for proteins' structure. In fact, uniform heating and the absence of hot surfaces, which consequently minimize overprocessed volumes, have dictated marked differences in protein denaturation kinetics, under equivalent heating rates and holding times. Furthermore, the use of short CUTs has significantly contributed to a reduction of whey protein denaturation, giving rise to distinctive kinetic and thermodynamic parameters. The determination of these parameters provides useful information for operation of OH equipment; the electrical conductivity of the protein dispersions and proper electric conductance management will be essential to successfully apply OH and optimize the corresponding heat treatment. Ohmic technology for food processing is still being developed, modeled, and evaluated continuously. Several pieces of commercial OH equipment are now available from a number of suppliers for the manufacture of milk-based and other protein-rich products. 49 However, OH technology performance and respective costs will always depend on the facility, the application of the technology, power output, considerations of product type, and the existing production equipment with which the new technology is integrated. 50 However, it is believed that OH would still viable in a worstcase scenario because of its potential to produce superior quality products. 51 Overall, the industrial implementation may offer great potential to reduce overprocessing during thermal treatments of milk and protein ingredients at thermal treatments ranging from 75 to 90°C. Further studies are needed to understand the influence that OH technology may have on the interfacial, aggregation, and gelation properties of whey proteins, which are intrinsically related to protein denaturation and proteinÀprotein interactions.
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